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Summary  Most  osteolytic  tumors  are  in  fact  mixed  and  contain  an  osteoblastic  compo-
nent associated  with  the  predominant  osteolytic  areas.  This  metaplastic  woven  bone  is
always evidenced  by  histological  analysis  even  in  the  absence  of  radiological  expression.
Metaplastic  bone  formation  reﬂects  the  activation  of  new  osteoblasts  coming  from  the
stimulation  of  the  dormant  lining  cells.  Twelve  patients  with  secondary  metastases  of  the
iliac crest  evidenced  by  hot  spots  on  a 99Tc-MBP  san  were  diagnosed  by  histomorphome-
try on  bone  biopsies.  Fourier  Transformed  InfraRed  analysis  and  Imaging  (FTIRI)  was  used
on 4  m  thick  sections  of  undecalciﬁed  bone.  The  mineralization  degree,  carbonate  sub-
stitution, crystallinity  and  the  cross-links  ratio  of  collagen  (1660/1690  cm−1 bands)  were
determined.  The  matrix  characteristics  were  analyzed  and  imaged  in  the  pre-existing  residual
bone and  in  the  metaplastic  woven  bone  in  the  vicinity  of  the  tumor  cells.  FTIRI  pro-
vided images  of  the  phosphate,  amide  and  combination  of  peak  ratio  after  having  selected
the peaks  of  interest.  In  addition,  the  matrix  properties  can  be  measured  and  comparedly-formed  bones.  Woven  bone  appeared  poorly  calciﬁed  with  abetween the  old  and  newPlease  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metaplastic  woven  bone  in  bone  metastases:  A  Fourier-transform
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morphologie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
low phosphate/amide  ratio  (P  =  0.03)  crystallinity  (P  <  0.0001)  and  carbonate  substitution
(P =  0.003).  Collagen  was  less  mature  as  evidenced  by  lower  cross-links  (P  =  0.01).  Woven
bone associated  with  bone  metastasis  appears  poorly  mineralized  and  rapidly  elaborated
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by  osteoblasts.  The  collagenous  phase  of  the  bone  matrix  has  a  low  level  of  reticulation.  FTIRI
is a  powerful  tool  to  measure  and  visualize  the  various  components  of  the  bone  matrix  in  human
diseases.
© 2018  Elsevier  Masson  SAS.  All  rights  reserved.
Résumé  La  plupart  des  tumeurs  ostéolytiques  sont  en  fait  mixtes  et  contiennent  un  composant
ostéoblastique  associé  aux  zones  ostéolytiques  qui  prédominent.  Cet  os  métaplasique  ﬁbreux,
non lamellaire,  est  toujours  mis  en  évidence  histologiquement  même  en  l’absence  d’expression
radiologique.  La  formation  d’os  métaplasique  reﬂète  l’activation  de  nouveaux  ostéoblastes
provenant  de  la  stimulation  des  cellules  bordantes.  Douze  patients  présentant  des  métastases
osseuses  secondaires  mises  en  évidence  par  des  foyers  chauds  en  scintigraphie  au 99Tc-MBP  ont
été diagnostiqués  en  histomorphométrie  sur  des  biopsies  osseuses  de  la  crête  iliaque.  L’analyse
et l’imagerie  infrarouges  à  transformée  de  Fourier  (FTIRI)  ont  été  utilisées  sur  des  coupes
de 4  m  d’épaisseur  d’os  non  décalciﬁé.  La  minéralisation,  le  taux  de  substitution  par  des
carbonates,  la  cristallinité  et  le  rapport  des  cross-links  du  collagène  (bandes  à  1660/1690  cm−1)
ont été  déterminés.  Les  caractéristiques  de  la  matrice  osseuse  ont  été  analysées  et  imagées  dans
l’os résiduel  préexistant  et  dans  l’os  métaplasique  au  voisinage  des  cellules  tumorales.  La  FTIRI  a
fourni des  images  de  la  distribution  des  phosphates,  des  amides  et  des  rapports  de  combinaisons
de pics  après  avoir  sélectionné  les  pics  d’intérêt.  De  plus,  les  propriétés  de  la  matrice  ont  pu
être mesurées  et  comparées  entre  l’os  résiduel  et  l’os  métaplasique.  Ce  dernier  est  apparu
faiblement  calciﬁé  avec  un  rapport  phosphate/amide  (p  =  0,03),  une  cristallinité  (p  <  0,0001)
et une  substitution  carbonate  (p  =  0,003)  réduits.  Le  collagène  était  moins  mature  comme  en
témoignent  une  plus  faible  quantité  de  cross-links  (p  =  0,01).  L’os  métaplasique  au  cours  des
métastases  osseuses  apparaît  faiblement  minéralisé  et  rapidement  élaboré  par  les  ostéoblastes.
La phase  collagénique  de  la  matrice  osseuse  présente  un  faible  taux  de  réticulation.  La  FTIRI
est un  outil  puissant  pour  mesurer  et  visualiser  les  différents  composants  de  la  matrice  osseuse
dans les  ostéopathies  humaines.
© 2018  Elsevier  Masson  SAS.  Tous  droits  re´serve´s.
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n  patients  with  advanced  cancer,  bone  is  frequently
nvolved,  particularly  is  the  case  of  breast  and  prostate
denocarcinomas  that  have  been  recognized  as  highly
steophilic  tumors  several  centuries  ago  [1,2].  In  these
wo  types  of  malignancies,  bone  metastases  are  observed
n  60—70%  of  patients.  Malignant  cells  have  a  particu-
ar  propensity  for  homing  to  the  bone  morrow  since  they
xpress  various  chemokines  or  synthetize  various  proteins
hat  favor  their  anchorage  in  the  bone  marrow  microen-
ironment.  Bone  marrow,  in  turn,  can  provide  a  ‘‘fertile
oil’’  for  the  growth  of  metastatic  cells:  a  large  number
f  growth  factors  and  cytokines  are  naturally  present  to
ontrol  the  growth  and  differentiation  of  hematopoietic
ells  [3].  Also,  bone  remodeling  (which  is  normally  main-
ained  at  equilibrium  by  a  complex  network  of  cytokines)
s  altered  by  malignant  cells.  After  arrival  in  the  bone
arrow  microenvironment,  tumor  cells  interact  with  bone
emodeling  and  disrupt  the  coordinated  action  of  osteo-
lasts  (bone  resorbing  cells)  and  osteoblasts  (bone  forming
ells)  [4].  Typically  metastases  are  usually  considered  as
steosclerotic  or  osteolytic,  based  on  the  X-ray  appear-
nce  of  the  bone  lesions  [5].  Osteoclerotic  metastases  arePlease  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metapla
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morpholog
ommon  in  prostate  cancer  while  lung,  breast,  kidney  or
ut  tumors  typically  produce  osteolytic  metastases.  How-
ver,  most  of  the  osteolytic  tumors  are  in  fact  mixed  and
a
c
ﬁontain  an  osteoblastic  component  associated  with  the  pre-
ominant  osteolytic  areas.  This  osteoblastic  component  is
timulated  by  the  release  of  growth  factors  (secreted  by
he  malignant  cells  such  as  endothelin-1)  or  buried  in  the
one  matrix  during  the  osteoclastic  resorption  phase  [6,7].
mong  them,  transforming  growth  factor    (TGF-) is  stored
t  high  concentrations.  Several  studies  have  reported  that
t  can  activate  tumor  cell  progression  via  the  smad  path-
ay,  this  producing  a  ‘‘vicious  circle’’  between  malignant
nd  bone  cells  [8]. During  the  physiological  remodeling  pro-
ess,  TGF- controls  the  coupling  between  bone  formation
nd  resorption.  TGF- inhibits  osteoclast  differentiation  and
romotes  the  recruitment  of  new  osteoblasts  in  the  eroded
reas.  In  osteolytic  metastases,  osteoclast  activity  is  consid-
rably  increased  (by  a  number  of  cytokines  released  by  the
umor  cells),  thus  releasing  high  amount  of  TGF- that  can
rovoke  the  formation  of  metaplastic  bone  in  the  vicinity  of
he  osteolytic  foci  [8,9].
Recently,  new  histological  methods  have  appeared  to
haracterize  the  quality  of  the  bone  matrix  in  human  dis-
ases.  Fourier  transformed  infrared  analysis  and  imaging
FTIRI)  is  an  interesting  technique  for  imaging  the  min-
ral  and  the  organic  phases  of  the  matrix  in  tissue  sections
10,11].  The  aim  of  the  present  retrospective  study  was  tostic  woven  bone  in  bone  metastases:  A  Fourier-transform
ie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
nalyze  the  bone  matrix  in  patients  with  mixed  metastases
ontaining  a  noticeable  amount  of  woven  bone.  Undecalci-
ed  bone  sections  were  used  and  the  matrix  characteristics
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Table  1  Patients  characteristics  with  type  of  metastasis  on  X-ray  images  and  osteoid  parameters  determined  by
histomorphometry.
Patient Gender  X-ray  Tumor  origin  OV/BV  (%)  OS/BS  (%)  O.Th  (m)
1  Female  Mixed  Breast  8.8a 45.7a 11.9
2 Male  Osteosclerosis  Lung  12.6a 75.6a 21.9a
3  Male  Mixed  Prostate 2.5 13.3 13.6
4 Male  Osteosclerosis  Prostate  22.7a 100a 27.9a
5  Male  Osteosclerosis  Prostate  2.9  13.9  10.9
6 Male  Osteosclerosis  Prostate  12.9a 32.6a 14.1
7 Male  Osteosclerosis  Prostate  31.6a 59.1a 24.3a
8  Female  Mixed  Unknown  2.9  11.2  14.3
9 Male  Osteosclerosis  Unknown  29.0a 100a 27.3a
10  Female  Mixed  Breast  6.2a 12.1  14.8a
11  Female  Mixed  Breast  7.8a 25.5a 9.5
12 Female  Osteosclerosis  Breast  17.9a 69.1a 15.7a
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were  determined  and  imaged  in  the  pre-existing  residual
bone  and  in  the  newly-formed  bone  in  the  vicinity  of  the
tumor  cells.
Patients
Twelve  patients  (ﬁve  females,  seven  males)  from  the
rheumatology  unit  were  referred  for  the  histopathological
diagnosis  of  a  bone  metastasis  at  the  ilium.  The  char-
acteristics  of  patients  are  given  in  Table  1.  All  patients
had  a 99Tc—MBP  bone  scan  that  evidenced  hot  lesions.
Seven  patients  presented  osteosclerotic  lesions  and  ﬁve
had  mixed  bony  lesions  associating  sclerotic  and  lytic  foci
on  X-rays.  Transiliac  bone  biopsy  was  done  in  these  areas
under  local  anesthesia  as  previously  reported  [12].  Six
patients  had  a  single  tetracycline  bone  labeling  done  with
demethylchlortetracyline  (150  mg/d  during  two  days)  to
evaluate  the  extent  of  osteoid  surfaces  with  active  mineral-
ization.  The  Ethical  Subcommittee  of  our  university  hospital
approved  the  use  of  patient  material  as  this  work  is  ret-
rospective  from  a  bone  sample  collection  (complementary
histological  study).
Material and methods
Bone  biopsies
A  transiliac  bone  biopsy  was  obtained  in  all  patients  under
local  anesthesia  with  a  7  mm  internal  diameter  trephine,
2  cm  below  the  iliac  crest  and  2  cm  behind  the  antero-
superior  iliac  spine  (Commeca,  49070  Beaucouzé,  France).
Specimens  were  ﬁxed  in  an  ethanol-based  ﬂuid  [13].  Bone
cores  were  ﬁxed  for  24  hours,  dehydrated  in  acetone
and  embedded  undecalciﬁed  in  poly  (methylmethacrylate)
(pMMA)  Sections  (7  m  in  thickness  for  histomorphometry
and  4  m  for  FTIRI)  were  cut  dry  on  a  heavy  duty  micro-Please  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metapla
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morpholog
tome  equipped  with  tungsten  carbide  knives  (Leica  Polycut  S
with  50  knives).  They  were  stained  with  Goldner’s  trichrome
for  the  identiﬁcation  of  osteoid  and  hematoxylin-phloxin-
saffron  (HPS)  for  cytological  examination.  Osteoclasts  were
c
e
1
a0% for osteoid surfaces OS/BS and 15 m for osteoid thickness
etected  by  an  histoenzymologic  method  based  on  the
artrate  resistant  acid  phosphatase  (TRAcP)  determination
14]. A  complete  histomorphometric  analysis  was  done
ccording  to  the  recommendations  of  the  American  Society
or  Bone  and  Mineral  Research  [15].  Only  osteoid  parameters
osteoid  volume,  surface  and  thickness)  were  considered
ere.
ourier-transform  infrared  microspectroscopy
FTIR and  FTIRI)
nalysis  was  done  according  to  previous  speciﬁcations  on
 m  thick  sections  [16,17]. Sections  were  sandwiched
etween  two  barium  ﬂuoride  (BaF2)  optical  windows  (IR
rade).  Samples  were  then  analyzed  with  a  Bruker  Hype-
ion  3000  microscope  (Bruker  optic,  Ettlingen,  Germany)
quipped  with  a  liquid  nitrogen-cooled  Mercury  Cadmium
elluride  (MCT)  detector  and  purged  with  dried  air,  and
nterfaced  with  a  vertex  70  spectrometer  (Bruker).  A  15X
assegrain  objective  and  condenser  with  a  numerical  aper-
ure  of  0.4  were  used.  Infrared  spectra  were  collected  at
 spectral  resolution  of  4  cm−1 in  transmission  mode  on
2  co-added  scans.  FTIR  data  processing  was  performed
ith  the  Bruker’s  proprietary  Opus  Software  (release  6.5).  A
ackground  spectrum  was  collected,  containing  data  from
he  environment,  the  instrument  and  the  optical  disks.
equential  raw  spectra  for  each  regions  analyzed  were
veraged  and  the  contribution  of  the  embedding  pMMA
as  spectrally  subtracted  after  normalization  of  the  peak
ocated  at  1730  cm−1. Twenty  spectra  (15  m  apart  in  a
5  ×  60  m  square  matrix)  were  obtained  in  three  differ-
nt  regions  of  independent  trabeculae  per  bone  samples.
nalysis  was  done  separately  in  the  pre-existing  and  in
hin  trabeculae  composed  of  metaplastic  woven  bone.  In
ll  instances,  at  least  ﬁve  trabeculae  were  analyzed  from
ach  section  in  the  two  different  locations.  Spectra  werestic  woven  bone  in  bone  metastases:  A  Fourier-transform
ie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
ut  between  800—1800  cm−1, baseline  corrected  with  an
lastic  correction  method,  vector  normalized  in  the  amide
 region  (1585—1710  cm−1)  and  averaged.  Spectra  were
lso  subjected  to  curve  ﬁtting  in  the  1  3  phosphate
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Figure  1  Histological  ﬁndings  in  biopsies  from  patients  with  bone  metastasis  associated  with  woven  bone.  A.  Prostate  adeno-
carcinoma: note  the  considerable  extent  of  thin  neo-trabeculae  made  of  woven  bone  and  covered  with  osteoid  tissue  (in  red)  and
anchored at  the  surface  of  pre-existing  trabeculae  (pb);  Goldner’s  trichrome.  B.  Same  patient,  undecalciﬁed  bone  section  showing
the considerable  extent  of  ﬁxation  of  tetracycline  in  actively  mineralizing  surfaces.  C.  Patient  with  a  breast  adenocarcinoma.  Note
the considerable  stimulation  of  osteoblastogenesis  and  the  appearance  of  new  bone  (orange)  laid  on  pre-existing  bone  (pb);  Mc:
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talignant cells  and  stroma  reaction.  D.  Histoenzymological  iden
n a  patient  with  a  sclerosis  metastasis  from  a  prostate  adenoca
and  (900—1200  cm−1)  and  the  amide  I-  amide  II  region
1485—1720  cm−1)  according  to  second  derivative  and  the
evenberg-Maquardt  algorithm  using  the  Grams/AI  8.0  soft-
are  as  reported  previously  [18].
The  evaluated  IR  spectral  parameters  were:
 mineral  to  matrix  ratio,  calculated  as  the  integrated  area
of  the  1  3  phosphate  band  over  the  amide  1  region
(1585—1720  cm−1)  and  used  as  an  index  of  mineral  content
[10];
 mineral  crystallinity,  which  reﬂects  the  apatite  size
and  perfection  and  calculated  as  the  area  ratio  of  the
1020  cm−1 over  the  1030  cm−1 subbands  [11]. A  lower  ratio
indicates  a  higher  mineral  crystallinity;
 collagen  maturity,  related  to  the  relative  proportion  of
the  two  major  collagen  cross-links  pyridinium  (Pyr,  non-
reducible)  and  deH-DHLNL  (reducible)  and  calculated  as
the  area  ratio  of  the  1660  and  1690  cm−1 subbands  [19];
 carbonates  to  phosphates  ratio,  which  reﬂects  the  car-
bonate  content  in  bone  and  calculated  as  ratio  of
integrated  areas  of  the  2  CO32− region  (850—890  cm−1)
and  1  3  phosphate  band  [20].Please  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metapla
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morpholog
For  FTIRI,  sections  were  imaged  using  a  64  ×  64  element
ocal  plane  array  (FPA)  detector  (coupled  with  the  micro-
cope)  to  provide  4096  spectra  simultaneously  from  interest
reas.  The  images  were  collected  at  a  resolution  of  8  cm−1
D
g
W
wation  of  numerous  osteoclasts  (in  brown)  by  the  TRAcP  reaction
oma.
ith  32  co-added  scans  for  background  and  samples,  in  the
ransmission  mode  in  the  spectral  region  900—2000  cm−1.
mages  of  the  trabeculae  were  obtained  by  a  stitching  of
 ×  3  elemental  images  provided  by  the  FPA  with  the  Opus
oftware.  Three  spectral  images  were  acquired  on  sep-
rated  area  from  each  sample,  each  area  containing  an
re-existing  trabecular  and  foci  of  woven  bone.  Each  image
as  ratioed  against  the  background  imaging  spectra  col-
ected  under  identical  conditions.  Color-coded  images  of
ineral  to  matrix  ratio,  mineral  cristallinity,  collagen  matu-
ity  and  carbonate  content  (using  the  intensity  of  the  3
arbonate  band  at  1415  cm−1 over  the  13  phosphate  band
istributions  were  produced  in  each  groups  for  qualita-
ive  comparison  by  using  a  Matlab  routine  (release  7.10;
ath  Works,  Natick,  MA)  [21]. The  spectroscopic  calcu-
ated  parameters  were  expressed  as  a  color-coded  images,
he  color  of  a  pixel  corresponding  to  a  certain  range  of
alues.
tatistical  analysis
tatistical  analysis  was  performed  with  the  Systat
®
sta-
istical  software  release  11.0  (Systat  inc.  San  José;  CA).stic  woven  bone  in  bone  metastases:  A  Fourier-transform
ie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
ata  are  expressed  as  mean  ±  SD.  Differences  between
roups  were  analysed  by  the  non-parametric  Mann  and
hitney  U  test.  Differences  were  considered  signiﬁcant
hen  P  <  0.05.
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Figure  2  Typical  FTIR  spectrum  of  the  bone  matrix  in  a
patient  with  metastasis  comprising  woven  bone  anchored  at
t
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Results
Histological  analysis
In  this  series  of  patients,  the  origin  of  the  primary  tumor  was
a  breast  adenocarcinoma  in  four  cases,  ﬁve  prostate  adeno-
carcinoma,  one  lung  adenocarcinoma  and  two  cases  with
adenocarcinomas  from  an  unknown  origin.  In  all  cases,  the
histological  examination  revealed  numerous  foci  of  meta-
plastic  bone  (woven  bone)  anchored  at  the  surface  of  the
previous  trabeculae  from  the  patient  (‘‘old  bone’’)  inside
the  cancellous  space  (Fig.  1A).  In  the  patient  with  the
lung  adenocarcinoma,  metaplastic  bone  was  also  observed
under  the  periosteum.  The  woven  texture  could  easily  be
observed  under  polarization  microscopy.  The  osteoid  param-
eters  were  increased  in  nine  patients  indicating  an  increased
osteoblastic  activity  (Table  1)  and  the  amount  of  meta-
plastic  bone  differed  between  the  patients  and  those  with
prostate  adenocarcinoma  had  the  highest  amount  of  meta-
plastic  bone  that  tended  to  completely  ﬁll  the  marrowPlease  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metapla
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morpholog
cavity.  These  thin  trabeculae  appeared  with  a  green  core
when  stained  by  Goldner’s  trichrome  and  were  covered  by
thick  osteoid  seams.  O.Th  was  increased  in  six  patients
indicating  an  altered  mineralization.  In  patients  with  tetra-
c
b
t
Figure  3  Parameters  derived  from  FTIR  spectra  measured  in  the  p
with bone  metastases.  A.  Mineral  to  organic  matric  ratio.  B.  Carbonat
axes: arbitrary  units.he surface  of  pre-existing  bone.  Pre-existing  trabeculae:  black
pectrum;  woven  bone  from  the  metaplastic  new  trabeculae:
rey  curve.stic  woven  bone  in  bone  metastases:  A  Fourier-transform
ie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
ycline  labeling,  the  metaplastic  bone  was  heavily  labeled
y  the  ﬂuorescent  marker  (Fig.  1B).  On  HPS  stained  sections,
he  metastatic  cells  supported  by  the  collagenous  stroma
re-existing  bone  and  the  newly-formed  trabeculae  in  patients
e  substitution.  C.  Crystallinity.  D.  Collagen  cross-links.  Abscissa
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eaction  could  be  evidenced.  Numerous  pseudo-epithelial
eams  of  osteoblasts,  apposing  new  bone  at  the  surface  of
he  pre-existing  trabeculae,  were  also  evidenced  (Fig.  1C).
RAcP  stained  sections  evidenced  numerous  foci  of  active
steoclasts  in  eroded  areas  dug  in  the  vicinity  of  the  malig-
ant  cells  (Fig.  1D).  Osteoclasts  were  found  at  the  surface  of
re-existing  trabeculae  but  they  also  appeared  to  remodel
he  metaplastic  bone.
TIR  analysis
he  typical  spectrum  of  the  bone  matrix  was  different  in
he  pre-existing  bone  and  in  the  metaplastic  bone  from  the
ewly-formed  trabeculae  (Fig.  2).  The  1  2  phosphate  peak
as  markedly  reduced  in  the  metaplastic  trabeculae.  The
ndexes  from  the  FTIR  spectra  appear  on  Fig.  3.  Mineraliza-
ion  (phosphate/amide  I  ratio)  was  signiﬁcantly  reduced  in
ew  bone  when  compared  to  the  pre-existing  bone  from  pre-
xisting  trabeculae.  Similarly,  the  carbonate  substitution,
rystallinity  and  the  amount  of  cross-links  were  reduced  in
he  woven  bone  from  the  metaplastic  foci.Please  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metapla
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morpholog
TIRI  analysis
TIRI  analysis  conﬁrmed  these  results  and  provided  2D  spa-
ial  imaging  of  the  molecular  maps  derived  from  the  FTIR
a
h
o
w
igure  4  FTIRI  images  obtained  in  a  female  patient  with  metasta
hick undecalciﬁed  section.  B.  Spatial  distribution  of  phosphates.  C.
istribution of  the  collagen  cross-links,  note  the  reduce  content  in  t PRESS
D.  Chappard  et  al.
pectra.  Examples  of  typical  images  are  given  for  a  metas-
asis  from  a  breast  cancer  (Fig.  4)  and  from  a  prostate  cancer
Fig.  5).  The  amount  of  phosphate  was  markedly  reduced  in
he  thin  metaplastic  trabeculae  (Figs.  4B—5B)  and  the  sur-
ace  area  of  the  woven  bone  was  less  than  noted  on  the  video
mages  (Figs.  4A—5A).  On  the  contrary,  the  amide  I  map  iden-
iﬁed  a  larger  area  because  collagen  was  also  present  in  the
steoid  seams  that  cover  all  these  trabeculae  and  anchor
hem  on  the  pre-existing  ones  (Figs.  4C—5C).  The  map  of
he  cross-links  conﬁrmed  that  they  were  by  far  less  numer-
us  in  these  newly-formed  metaplastic  trabeculae  than  in
he  pre-existing  trabecular  bone  (Figs.  4D—5D).
iscussion
n  this  series  of  patients  with  metastatic  adenocarcinomas
t  the  iliac  bone,  foci  of  woven  bone  were  always  identiﬁed
t  the  surface  of  the  pre-existing  trabeculae  in  the  cancel-
ous  space;  they  have  a  typical  candelabra  aspect  with  thin
rabeculae.  In  the  patient  with  a  lung  cancer,  the  presence
f  woven  bone  also  extending  in  the  sub-periosteal  areas  isstic  woven  bone  in  bone  metastases:  A  Fourier-transform
ie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
lso  characteristic  of  a  marrow  metastasis  [22].  All  patients
ad  a  bone  metastasis  that  was  clinically  classiﬁed  either  as
steosclerotic  or  mixed  on  X-rays.  In  addition,  only  patients
ith  hot  spots  on  the 99Tc-MBP  bone  scan  were  selected  prior
sis  from  a  breast  adenocarcinoma.  A.  Video  image  of  a  4  m
 Spatial  distribution  of  the  amide  groups  of  collagen.  D.  Spatial
he  woven  bone.  The  look-up  table  is  given  at  the  bottom.
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Figure  5  FTIRI  images  obtained  in  a  male  patient  with  sclerosis  metastasis  from  a  prostate  adenocarcinoma.  A.  Video  image  of
a 4  m  thick  undecalciﬁed  section.  B.  Spatial  distribution  of  phosphates,  the  pre-existing  bone  has  a  higher  phosphate  content.  C.
 min
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eSpatial distribution  of  the  amide  groups  of  collagen  of  both  the
of the  collagen  cross-links,  note  the  reduce  content  in  the  wove
to  analysis  because  it  indicates  a  high  osteoblastic  activ-
ity  causing  an  elevated  uptake  of  the  radionuclide-labeled
bisphosphonate  [23].  Some  types  of  cancers  such  as  breast
and  prostate  adenocarcinomas  are  specially  metastasizing
to  bone,  because  they  possess  unique  capacities  that  facili-
tate  their  anchoring  in  the  marrow  [2,5].
Osteoblastic  activity  is  increased  in  metaplastic  trabec-
ulae  with  plumped  cells  and  enlarged  osteocytes  [24]. This
metaplastic  bone  may  be  evidenced  as  buried  white  areas
on  X-rays  but  is  always  evidenced  by  histology  even  in
the  absence  of  radiological  expression  [25].  Metaplastic
bone  formation  reﬂects  the  activation  of  new  osteoblasts
or  the  stimulation  of  the  dormant  lining  cells  at  the  sur-
face  of  bone  trabeculae.  They  elaborate  rapidly  plexiform
trabeculae  made  of  woven  bone,  which  are  anchored  on
the  pre-existing  bone  surfaces  as  shown  by  histology  or
microcomputed  tomography  [7,26—28].  The  bone  matrix  is
made  of  randomly  disposed  bundles  of  collagen  ﬁbers  which
are  secondarily  mineralized.  Metaplastic  bone  is  formed  by
either  the  release  of  growth  factors  by  the  tumor  (e.g.,Please  cite  this  article  in  press  as:  Chappard  D,  et  al.  Metapla
infrared  analysis  and  imaging  of  bone  quality  (FTIR).  Morpholog
endothelin-1  and  IL-6  in  prostate  carcinoma)  or  due  to
the  excess  in  osteoclastic  activity  which  release  locally
high  amounts  of  TGF- which  is  buried  in  the  bone  matrix
[29,30].
t
t
o
ieralized  woven  bone  and  osteoid  tissue.  D.  Spatial  distribution
ne.  The  look-up  table  is  given  at  the  bottom.
In  this  study,  we  found  that  the  bone  matrix  of  the
ewly-formed  bone  trabeculae  was  incompletely  mineral-
zed  with  a marked  decrease  in  mineral  crystallinity  (i.e.
oorly  made  hydroxyapatite  crystals).  A  reduction  in  the
arbonate/phosphate  ratio  also  indicates  an  immature  bone
atrix  since  the  -carbonate  substitution  (i.e.,  replacement
f  a  phosphate  group  by  a  carbonate  in  the  hydroxyap-
tite  crystal)  increases  upon  aging  [31,32]. Similar  ﬁnding
ere  observed  in  rats  which  developed  sclerosing  metas-
ases  after  injection  of  LNCaP  C4-2B  prostate  cancer  cells  in
he  tibia.  Raman  microspectroscopy  identiﬁes  a  decrease  in
he  mineralization  degree  and  hydroxyapatite  crystallinity
33].
Woven  bone  is  synthetized  by  osteoblasts  with  an  anar-
hic  texture  in  which  collagen  ﬁbers  have  random  directions.
his  bone  also  mineralizes  rapidly  and  is  reported  to  have
n  higher  degree  of  mineralization  than  lamellar  bone  [34].
owever,  its  biomechanical  properties  are  poorer  than  those
f  lamellar  bone  because  the  irregular  collagen-ﬁbril  ori-
ntation  and  higher  mineralization  degree  make  it  capablestic  woven  bone  in  bone  metastases:  A  Fourier-transform
ie  (2018),  https://doi.org/10.1016/j.morpho.2018.02.002
o  absorb  less  energy  [35,36]. It  should  however  be  noted
hat  these  studies  were  conducted  in  the  growing  skeleton
f  healthy  animals.  In  this  study,  woven  bone  was  observed
n  a pathologic  condition  where  the  neoplastic  cells  have
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onsiderably  increased  the  activity  of  osteoblasts.  The  con-
equence  is  that  the  newly-formed  bone  is  incompletely
ineralized  with  a  reduced  collagen  maturity  in  the  bone
atrix.  Similar  ﬁndings  have  been  observed  around  dental
mplants:  the  placement  of  a  dental  implant  is  followed  by
apid  deposition  of  woven  bone  allowing  a  primary  anchor-
ge  but  the  degree  of  mineralization  and  biomechanical
roperties  are  reduced  when  compared  with  lamellar  bone
37,38].  In  ﬁbrous  bone  dysplasia,  the  lamellar  texture  of
one  is  replaced  by  woven  bone,  which  is  less  mineralized
nd  has  a  reduced  mechanical  strength  [39,40].  In  bone
etastases,  the  presence  of  a  high  amount  of  incompletely
alciﬁed  bone  has  sometimes  important  consequences  on
alcium  metabolism:  hypocalcemia  is  a  metabolic  disturb-
nce  which  is  common  in  advanced  prostate  or  breast
ancer  due  to  the  ‘‘hungry  bone’’  syndrome  [41,42]. In  such
atients,  the  increase  in  the  amount  of  woven  bone  and
steoblastic  activity  are  responsible  for  an  increase  trapping
f  calcium  in  the  sclerosis  areas.  Treatment  with  bisphos-
honates  is  the  standard  of  care  for  patients  with  breast
ancer  who  have  predominantly  osteolytic  lesions  as  these
ompounds  have  a  marked  anti-osteoclastic  activy.  However,
isphosphonates  are  now  known  to  depress  both  osteoclastic
nd  osteoblastic  activity  in  a  second  time  due  to  the  cou-
ling  between  these  cell  populations  during  the  remodeling
rocess.  Bisphosphonates  are  now  used  to  reduce  the  bone
orming  activity  thus  avoiding  the  ‘‘hungry  bone  syndrome’’
43,44].
onclusion
etaplastic  bone  present  in  bone  metastases  from  different
ypes  of  adenocarcinoma  are  built  by  stimulated  osteoblasts
rom  the  tumor.  They  rapidly  elaborate  trabeculae  made  of
oven  bone  anchored  at  the  surface  of  the  pre-existing  tra-
eculae  but  woven  bone  has  a  poor  quality.  The  mineral  to
atrix  ratio  was  markedly  reduced  (evidencing  a  low  min-
ralization  degree),  the  carbonate  content  and  crystallinity
ere  reduced  (indicating  a  poor  maturation  of  hydroxyap-
tite),  and  the  collagen  maturity  was  reduced  with  a  low
mount  of  cross-links.  The  amount  of  this  woven  bone  with
 poor  quality  may  have  clinical  consequences.
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